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Abstract 


The  scope  of  the  vork  vis  to  optimize  device  tad  circuit  perimeters  of 
planar  He  id  effect  controlled  ransferred  electron  devtcei  (TEC1  iDs")  to 
meet  the  theoretically  predicted  limits  of  conversion  efficiency  (4  -  8  X), 
bandwidth  and  upper  frequency  limit.  This  vis  done  by  employing  both 
computer  simulations  and  empirical  methods.  The  main  objective  was  to 
develop  a  voltage  tunable  33  GHz  MM1C  oscillator.  The  results  achieved 
with  both  discrete  FECTEDs  mounted  in  microstrip  circuits  and  monolithi- 
cally  integrated  (“MMIC")  oscillators  are  encouraging:  discrete  FECTEDs 
produced  pulsed  power  levels  in  the  30  mW  range  with  3  X  efficiency  and 
30  nV  with  3  X  efficiency  in  cv  operation.  However,  variations  in  FECTED 
mounting  lead  to  unpredictable  bonding  wires  inductances  malting  it  diffi¬ 
cult  to  design  an  oscillator  for  a  desired  frequency.  To  the  contrary,  precise 
oontrol  of  frequency  was  possible  with  fully  integrated  MMIC  oscillators 
but  efficiencies  and  power  levels  achieved  with  these  oscillators  up  to  now 
were  only  around  I  *  and  5-10  mW,  respectively.  Besides  higher  effi¬ 
ciency  also  better  spectral  purity  was  exhibited  by  discrete  devices  due  to 
the  dielectric  resonator  used  in  the  microstrip  circuit.  It  is  almost  certain 
that  MMIC  oscillator  efficiency  can  further  be  increased  by  improving 
coupling  circuitry  It  should  be  emphasized  that,  due  to  our  veil  controlled 
technology,  very  high  yield  (100  X  for  the  third  batch  fabricated  in  July 
1989)  with  equal  DC  and  AC  parameters  within  one  batch  of  MMIC  oscil¬ 
lators  has  been  achieved  which  is  primarily  a  consequence  of  the  simplicity 
of  the  device 
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Program  Objectives 

The  aim  of  this  program  was  to  optimize  device  and  circuit  parameters  of 
both  discrete  and  monolithicaiiy  integrated  planar  field  effect  controlled 
transferred  electron  devices  ("FECTEDs")  to  meet  the  theoretically  predicted 
limits  of  conversion  efficiency,  bandvidths  and  upper  frequency  limit.  The 
research  program  was  to  be  directed  at  problems  associated  with  device 
physics,  device  technology  and  circuit  design. 


Work  performed  on  this  program 

The  work  on  this  program  can  be  divided  into  three  areas  -  device  simula¬ 
tions.  fabricating  and  mounting  discrete  FECTEDs  in  properly  designed 
microstrip  circuits  and  fabricating  monolithicaiiy  integrated  FECTEDs 
(  MMIC  oscillators').  Details  on  the  first  two  areas  have  been  presented  in 
six  interim  reports  as  well  as  in  papers  published  during  the  course  of  this 
program  /!/.  111.  They  will  be  reviewed  briefly  in  this  (final)  report.  The 
bulk  of  this  report  will  be  devoted  to  the  voltage  tunable  MM1C  oscillator 
which  was  the  final  goal  to  be  achieved  in  this  program. 


Device  structure 

A  cross  sectional  view  of  the  FECTED  is  shown  in  Fig.  1 .  It  is  basically  a  pla¬ 
nar  transferred  electron  device  with  a  MESFET-like  cathode  contact.  The 
electron  injection  is  controlled  by  the  negatively  biased  Schottky  gate  to  the 
extent  that  travelling  domains  cannot  form.  Instead,  a  stationary  high  field 
domain  forms  in  the  gate-drain  region  which  exhibits  a  frequency-inde¬ 
pendent  negative  differential  resistance.  This  two-terminal  negative  resi¬ 
stance  is  used  for  both  amplifying  and  generating  signals  at  frequencies 
determined  by  eiternal  circuitry 


Device  simulations 

Computer  simulations  have  been  performed  in  order  to  find  optimum  va¬ 
lues  for  doping  level,  device  geometry,  drain  bias  voltages  and  RF  voltage 
swing.  Since  only  a  one -dimensional  computer  program  was  available  the 
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two-dimensional  MESFH1  -like  cathode  structure  could  not  be  included  in 
the  computations.  It  was  therefore  simulated  by  a  constant  current  injector. 
In  a  real  device,  the  magnitude  of  the  injected  current  can  be  adjusted  by 
the  negative  gate  bias  voltage.  Of  course,  the  optimum  gate  length  cannot 
be  obtained  with  this  computer  program  and  has  been  determined  empiri¬ 
cally.  In  this  work  gate  lengths  between  0.5  pm  and  2  pm  have  been  used. 
A  short  gate  might  be  advantageous  as  a  small  DC  voltage  drop  is  obtained 
thereby  maximizing  efficiency.  On  the  other  hand,  a  MESFET  cathode  with  a 
very  short  gate  (smaller  than  0.1  pm  j  will  not  allow  constant  current  injec¬ 
tion.  A  gate  length  of  07  pm  might  be  a  good  compromise. 

The  simulations  have  shown,  that  best  efficiencies  (4  *  -  8  Xl  can  be  obtai¬ 
ned  with  devices  having  doping  levels  in  the  vicinity  of  5  x  10'*  car3  and 
gate-drain  spadngs  between  2  and  5  pm  /3/. 


Discrete  PECTED  oscillators 

Discrete  FECTEDs  made  from  both  GaAs-  and  InP-materials  have  been  te¬ 
sted  in  microstrip  circuits  shown  in  Fig.  2.  The  three  contacts  -  source,  gate 
and  drain  are  wire-bonded  to  50  microstrip  lines  Microwave  signals  are 
coupled  to  and  from  the  drain  contact.  Two  identical  stub- terminated  3  /8 
long  sections,  connected  to  gate  and  source,  provide  capacitive  loads  to 
them  thereby  compensating  for  bonding  wire  inductances.  Amplification 
over  almost  10  GHz  has  been  measured  with  a  maximum  gain  at  37  GHz.  In 
order  to  produce  free  running  oscillations  s  dielectric  resonator  was  placed 
near  the  drain  contact.  The  results  obtained  are  summarized  in  the  table 
shown  below. 


Material 

Drain 

Bias 
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Width 

VDS<V) 
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eft  % 
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GaAs 
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70 

-3  0 
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53 

36 
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GaAs 

ll»s 

6  1 

-7.9 
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49 

El 
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InP 

Ills 

M3 

-A3 

0  17 

Z9 

n 

344 

GaAs 

60  |is 

67 

-833 

013 

29 

GaAs 

60  ms 

34 

-9.1 

o  m 

38 
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Monolithic  FECTED  oscillators 

Among  all  the  veil  known  advantages  of  integration  of  both  active  and  pas¬ 
sive  elements  on  a  single  semi-insulating  substrate  (MMIC)  the  salient 
feature  is  the  elimination  of  bond  vires  which  are  a  source  of  uncontrolled 
parasitic  elements  making  precise  control  of  oscillation  frequency  impossi¬ 
ble. 

Fig.  3  shows  a  photograph  of  the  5  x  5  mm2  monolithic  oscillator  chip.  The 
circuit  connected  to  the  FECTED  is  similar  to  the  microstrip  circuit  shown  in 
Fig.  2  except  for  an  additional  Y-shaped  resonator  section  replacing  the 
dielectric  resonator  used  in  the  hybrid  circuit  The  length  of  the  upper  bars 
of  the  T'  has  been  chosen  to  provide  an  inductive  impedance  to  the  drain 
contact  This  inductance  determines  the  frequency  of  oscillation  in  conjunc¬ 
tion  with  the  device  capacitance.  This,  of  course,  is  valid  only  if  the  two 
other  (mushroom-like)  resonating  elements  provide  ground  potential  to 
both  gate  and  source  contacts  at  the  oscillation  frequency.  The  length  of 
these  two  stub-terminated  transmission  lines  has  been  chosen  /2  at  33 
GHz. 

Monolithically  integrated  FECTEDs  have  produced  stable  oscillations  in  a 
frequency  band  around  35  GHz.  The  results  are  summarized  in  the  table 
*  shown  below. 


Device  No. 

Wv> 

VV) 

_  . 

1(A) 

. 

eff.% 

Kmf) 

fiGHz) 

1 

8 

-6 

0.075 

095 

5.7 

36.1 

2 

7.5 

-6.7 

0  07 

1  08 

5.7 

357 

3 

6.S 

-4.8 

008 

1.03 

■ 

56 

36  8 

The  three  devices  (No.  1,  2  and  3)  exhibit  very  similar  electrical  parame¬ 
ters.  100  X  yield  has  been  obtained  with  this  batch  of  devices  confirming 
that  improved  reliability  can  indeed  be  obtained  with  the  MMIC  approach. 
Another  advantage  of  the  MMIC  version  is  the  wide  tuning  range  achieved 
with  gate  bias  tuning:  1  GHz  with  3  db  output  power  variation  and  500  MHz 
with  1  db  variation.  Fig  4  shows  spectral  characteristics  measured  at  three 
different  frequencies.  As  expected  from  classical  oscillator  theory  the  os- 
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dilator  noise  decreases  with  increasing  frequency.  However,  a  comparison 
with  the  spectral  characterisilics  of  discrete  dielectric  reaoaator  loaded 
FECTED  oscillators  shows  that  the  MM  1C  osdllator  produces  higher  noise 
levels  than  discrete  oscillators  111  which  is  obviously  due  to  the  low  quali¬ 
ty  factor  of  the  MMIC  oscillator. 

Conclusions 

Our  condusions  based  on  this  contract  are  as  follows: 

i  Planar  GaAs  and  .nP  field  effect  controlled  transferred  electron  devices 
(FECTEDs)  are  attractive  candidates  for  fabricating  monoiithically  in¬ 
tegrated  millimeter-wave  oscillators  due  to  their  simple  structure  and 
the  absence  of  transit-time  effects. 

ii  Discrete  FECTEDs  mounted  in  duroid  based  microstrip  ararits  have 
produced  the  theoretically  predicted  efficiencies  (  5  *)  at  ka-band  fre¬ 
quencies  with  power  levels  around  50  mW.  At  29  GHz  and  34  GHz  the 
highest  output  power  levels  ever  obtained  with  lateral  TBO's  and  FET 
oscillators  and  at  37  GHz  the  highest  lateral  TEO  output  power  have 
been  produced.  Optimum  values  for  active  layer  doping  and  thickness 
are  5  x  1016  car3  and  0.9  pm,  respectively. 

iii  Monoiithically  integrated  FECTED-osctilators  ( 'MMIC'  oscillators)  have 
been  fabricated  with  high  yield,  high  reliability  and  precise  frequency 
control  which  is  primarily  a  consequence  of  eliminating  bonding  wires. 
With  unoptimized  circuits  1  %  efficiency  and  5  mW  output  power  have 
already  been  obtained  in  cw-operation.  With  better  coupling  arcuitry 
higher  values  (perhaps  3  %  eff.  and  15  -  30  mW)  should  easily  be  ob¬ 
tainable. 

iv  Discrete  FECTEDs  mounted  in  microstrip  circuits  loaded  vith  a  dielectric 
resonator  exhibit  better  spectral  characteristics  than  MMIC  FBCTEDs 
due  to  the  high  quality -factor  of  dielectric  resonators,  which  camot  be 
used  in  monolithic  circuits  because  of  their  large  size.  To  reduce  MMIC 
oscillator  noise  one  must  provide  other  resonating  eleoentes  such  as 
overlay  or  inter-  digitated  capacitors,  etc.  Further  work  along  these  lines 
is  clearly  necessary.  However,  since  FECTEDs  are  two-terminal  devices, 
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circuit  design  is  probably  much  easier  than  it  is  in  the  case  of  three- 
terminal  devices  as  transistors  are. 

In  order  to  further  improve  efficiency  we  recommend  to  use  modula¬ 
tion  doping,  i.  e..  a  HEMT  structure  which  should  exhibit  a  higher  peak 
to  valley  ratio  due  to  the  high  low  field  mobility  and  to  real  space 
transfer  at  high  fields.  The  use  of  such  a  structure  would  make  the 
FECTED  HEMT-compatible. 
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Fig. 3  Photograph  of  a  MMIC  FECTED  oscillator 


;  ;  ' 


I  '  *,••'  :•  •*•<  «i ,'f  r  ■' 


v-'v.-f. 

^  ?.*y' 


J008/ 


f  *  f  C  *  C  OM*  *  T  I  91  f  SS  •»*  In#  4*0  >'**;  10  •  <0 

rifio  control i io  if  <>'A  it  >*i . 


«.  luOI#|,  H 


Sc*#»t>#r.  0.  /»4C h*'  •  .  Om«w»  «M  *  .  IM« 


]  n  V  t  1 1  -Jt  fyf*  *l*ro#l**tr<’w»H  ,  U»»l**Mlt4t  iV.  *-4040  l  i  */ /*Mt  1 t  1  » 
•  Iftiititwf  *ur  H4|ftl*i  **'♦*<  Vi*  ,  t#**#*!"*#  Kr  |#  *4<n**. 

0.  MOO  *4'**"  aw<t 


Wli'f  ')liUCT'jtf 


SS  H  >*  !*# ,  «*  :.*1  f*M/  **>4*1  4*<1 

j;  Of  r,4*t  1 4* 4 I  ■*!'!-'  #*i  4f|hl*  rM 

'  '  1 1  I  4  ( '  ^  \  -tut  in;*/*,  n  n. 

»4't*.  ‘'4*4  '***A  >4*f’l'4,*i  ***n  J  f  1  *  }  n-J  /  4|  ‘j  l 

|  ft  *4*1',**/  104,  f  *  '.  J**'  t  I  **  I  )( .  4  i  »*4  ,  P  - 

‘t0\\  !*•*  •  ****4t  ,  «*r  \Q  *H  I  .  ’*'• 

;  -  w#f  >*#('  • K*  *  ;n#*t  •i**' 

;4t*ril  ' f C v  v*J  Of. 


;.  <  *■  »*.  t  r'U  *<T»0O«J  *l»f  Qf 
•  •/•!•';  t  •  ,*  »*i'«  *«  iO-ir-%* 

:  *  /.  •  i  l  "’'i,  (  Va‘Of  Vi:4 

*  -,r  -  «  **%'*,  «  0  S  J*  *'■; 

••  0  •*  *r.  '•  *  4 '  *>1  TO  ;4  *  4C4<l*'r  1  “ 

f  :*  .  *  •!•?♦*  «•  4  A  jk. 

writ  ir*^  >  )  } 

••i*.  !  .  *.*. _ * _ - 


»  nli'rut  i o  •  **#i  ••*#*'#!  *•***«  '  '  ••  •  u 

■<»*  «v  fr  i  i  *  n  !  r  i  M*'Jf  4**1  "“  »•  '*f  '  **41 

■•  4H>!4,#7  **\#  *«r  ■*  •  t  <  ;  |  4*4f  •.  i>r-#  *-r  i 

1 1  ^I»l«*-f  *1  r  I  I '  4 '  V'K.  'N»  t*'-» 
if  Iff! 1*4  4U.r*"«*  *■♦*  4'*  1**  '4*'  ,,J  •  '  l  : !  •  * 

,U  '  (/  tV  4*4  rn<A«#**r*/J  *l*'tr  *  i- 

’  I  I  1 4  *  r  \  /  4  /  *)/  fM  *4lll4»'.ri  4'#  *|  ^  «' • 

*<',  pr  r  *#,  |  *\  ■>  K\  it  /*;  *  '*,!  •  ,ft*r  ♦  '  »• 

*  'i/H  i  1  *t  i  am  ;i/fr  4*4  '  i  r  ■ 

'•nt  ~  A  *  iff  !'  ^;t  1**4  ,r  4'U,«*'  'M  •I*',,/n 

’, '  i ; .  4*  'JM  « i  ►  . '  1 1  I  •*'r  *f  f  ' '  i #n,r  0  '  twl 
.  ,  :  *»’  i-  4*1 1*9  -I'MM  41  ♦'#  •w«.**r*l-4l 

H  4^*  »UI4f  *1  *+*  t*  *<  ’ 
t  >.  (  ■  n\  «r*  */  *  '1*1  4 *  *  4  J  '  A 

IM  ^  *  r  r^j**  •.  <r^f:  f  ;#»f  *'*'4n*.*. 

th#  :  ^rv'»  ■'  f*1!'  :4:#^’m  "  '*• 

r'li/w?  *ltn  ;  14(144  |n*  iM  >4*\  *  r  4  '■  *. 

'  .  <  r,.  *  *,»f  if  y>  Villi*  f  ^  *  4*  (  rv*J  4  "4  ‘.M  T  '4  *  ** 

.<«  ..I  ••»!*,  *  *■'•  i  n  ■  rr  • 

n  <  "•*■  -  IM  •»  |  vj|f|r4|/  hfH  ';••  '!»< 

*  *  l»*  I  f  :  *'*J  ,,-^4l"1  '  "  •  i«4  '  r  t  1  ?  # 

,  f>\  .  i  •  «  I  ''•.'♦*1.  4  ’.t4f:  /'!*»  f  ■  7* 

*;*■];  •  (*41*%  #  n  '»1#  /J4  4 !  **  » ,  «  0*  I  •  n 

'♦■nititi  4  t /*  'u*',r  f  •  '  ,i,!4»i,*',<j»nt  '**)4tif*  '•- 

•.*  4 rt  * .  ’  s#  '•  »  4*  \  1  t  •  jf>  •  •/  t  *  )  *  *  * 

•>4l  ,4|r:'l*  '  ^  |!*|,*i|  fi  «r*nl  i  0*1 

’<  '  «»vj  ll*\  |  r*  j*  *  rr  ■  f-q.  <r  *  '*'**•1  ‘  K I  ' 

t.'M-J  1  •#*.  *  ,1'T.  <*♦  (  I  *  -I  i  *  +*1  '  f  '  ■  <* 

*  XI  ,.*7  /i/'-t#  ■)  •  »'  '  K#  *!*•<!  I'H 

■  '4  , »  ‘f.+r\  • a  J  y  jp  t  r?  40  'Ml. 

,.*i\  1  *  4 1  **<s  tr»  *i  }*9f  *.n#«  *n*M#  ,  *Nfii-  »4  ‘r 

-  \r  I J  l4f  •  r%  .  »/  4<VJ  '^\4  ’t)t4i^<1  »i  tn 

'-...l/^J*  ■/*#  M0%  4  / ,  f**4  4/J*4«t47#  *f  ’  n# 

Mf  f  *  4tN*1»  ’*3  X  •  0  •  ^  4 1  J  40  M  (  U  0" 

„*/*,?  vi»  *'•:'<«!  >01  M  'f,4(  '  *>•  :  n  •  •  *  t  i  ■  >#4  '  jr- 

«*r  «n  #  4-1  «  iint  i  nu<*y\  I  y  f  in#  ;*t# 

:  4  .  »  '  t  *  »')*  f  /  . 


M*  M Itv«4« 


'/■•.*.  •  *<  t  |  '-4l«|  ll4«  **  ***• 

i  I.  rii.»!9f«4  M‘l*  f^ 

;•#  4^1  *^  '4**4  n*. 

*  \  t  M  p  llf'y'H  l  n 

••  ,  Vli-il  it  4f> 


it?.  :  *•  1 1  r '  *.  t  f  i  p  /irrwit  onf  i  ivf  4t  t 

>;  ' ! '  *»  0 


50Q  trinmiuion  lin*t  proaiain*  ci34citi»« 
to  bctn  tourer  too  jit*  con’tett. 

it-  c'r;  «ntt  tr*  tirioui  bona  i'll  •  '■'*  mo-irt- 
,nc*l  It  uPbft  ri-bina  (rwuntdit  aitn  »  raio- 
mne*  it  3?  '-Ml  th*rat>p  produCin.)  t  «4ii*j«  r*. 
fusion  «lin  it  tn»t  •rroumr.r.  *»l  ificit  ion 
or*'  ilnoit  10  tut  'll  b»*n  —•turn  aitn  i  &4*t 
FfCIfO  aount*»  in  thil  circuit  it  It  inoa*  i« 
fuj.  3.  A  nrgttirr  grt*  but  *olti<}»  o'  ibout 
•  all  ippIllHj  to  tn*  0»*IC«. 


I  Mil 


Out ;  ^t  I "0  input  tea*'  ••'•  It  'ra  :u*«Cp 
.<  *  IK  1(0  rail  act  ion  tie*  mrliM*' 


p,9.  Spnc t run  ut  m  8  «*  (fCUO  otcillAter 

UI*M»T 

an  oat*  o*xcnttr»>i«l  tbit  clmir  'nM  iml  In* 

'HKO  oteillltnft  ira  Ittrirttt*  •••1C  r.-»o«tit>l» 
Mid'd  tor  Ixil  oioiMt-r  ififllriUont  it 
tt-btni  irxl  rninblp  It  M«h*»  'r«w<i<lfl  »t  tb*p 
in  -■  t  irinutuna  ImitrO  it  t  sniant  i  on*  I  t|0l 
«y)  MU  ira,  *t  at  m-1  34  >•/  "-*  'llbatl  output 
|.,|U  e»»r  r,et4l"*<J  aitn  lltrril  tfOt  »™1 . 
f  F  T  tc  1 1 1  it  ore  intj  it  it  '»  tn*  'I'jna't  lltrril 
t(0  output  n***‘  ni»*  t»*n  pr^iucK). 

iraara*  i  ryjw  MTC 


In  -roil  (0  pmOuC*  fr*#  U«»i»j  Mrlllltirnt  l 
(Jialictric  ritonit or  n*ti  to  I*  :!*'•'!  '* tr  torn 
grim  (yitut.  in*  f*it  otnllH'rp  r.valti  ni«» 
■»nn  twmrfltti  in  tn*  t4M*  iv*n  0*1  n.  '•'*■>» 

■it!  'At*  Inn  rrr':tir<3  "I  -'0  train  lilt 

.,riu*t  in  cri t»r  to  l«OI0  imilltil*  burn  .-ut . 


Jilt 


ml 

§m 

Pvl  *.# 

'w'" 

H*} 

■  « 

;.o 

3.0 

O.iS 

S.J  '4 

7«.4 

’ut 

0.  i) 

4,1 

17.4 

I 

,u^ 

113 

4.3 

0,17 

;.i  sS 

M.4 

...... 

. ..  . . 

. . .. — 

n  . — *•  — 

♦jOui 

0.  IS 

? .  •»  s 

.'1  4 

.44^ 

*0yl 

3.4 

t 

0.  144 

>7.3 

- . .  *  ~ — 

. .  ' 

Of 

j  /  •  1  f  ft 

S 

;  #»•  1  •,  *  <*r»i 

[*r  |t  **J  IK.  In*  'It |  -Moan  in  tn*  '»’!*  ir#  1r- 
( ,  UO  j  "to  Mvrt  !n|  I  fu J  ,ul'*-.  r.t.,1'1,  I** 

..'Jut  'U*r  j*a*ll  .fi*  1 1  o*t  all"  I  "O  I ‘-I'M’ 
ana  ,«|»U|  It  !'nr*r  ’M  to  "-a  '■!•}«  (I*nr  mo 

V*  i,  r  ♦  aaatar#*  -i'r ,  mil  t**r*r*»ur*  iatal 
’allt-tad  ’0  b*  Me'*  lu  tnit  K I  a  I '  I  O')  in  I*  -- 
if'ltH  j#Ml*t  It  tn*  imaar  lutput  'n**i"*a  an* 

'  r*r  ab*n  .nirailing  in*  lull  rrfla  tr-* I  I'll 
*n  lot.  tn*  raiultl  irportiwj  bar#  iMK  ;r*»|. 
nullp  r*port*4  OlA*  dltl  bp  IbOut  to  to  ’.01  /M. 

fig,  4  tonal  lb*  ip*ctr*l  i b*r l< T *r 1 1 1 1 C  oP  i 
M**  running  li  *a  m  !,p*rl'*<J  IfCtiD  clcllllto*. 


tbll  aor*  all  -.urptrlPd  m  rl't  bp  tn*.  *ultr||n 
'•not  lu'  i.*ro*rinvj  Mr  ai',t*n«n#lt  I  if  n*n  (op- 

*naj  ",  in*  LS  »r«p  "ir-.„on  HI  1 0 me* in 

#,..,*rr»  Ij'll’l.  lb*  4'atnsn  any  I  -I  It*#  ’O  tn*n» 
c,  w,<n*nn.  0.  t|t.'*n**(ar  i"<I  0.  »clt***f  ’nr 
,<*tiff  itr.n  o»  tn*  t*«n»»  '“4  n.  ,att***«pr  *c* 
bir  pi  t  •*  I  ,'4t  i  on  ot  tn*  apltlt  i  *  I  1 1  f*r  I . 

»(((!(*($ 

Ill  t'.arno.M.O.  1*4  *l*,8.  0*4 1 

i.ic  1 1 1  it  aitn  >•:»  Iff  ir  IC"<  I*.  llactr.  l*t- 
Ur\,  IWI.  .-4.  ;p,  *.t  *4 

(...an.,  *,(.(.  aM  tin. I.  1  "Jib  «nnnlit"ic 
01*1  lit  Viliitor-.  IH  t  ".1*1  1C  .mp.  0|. 
,*a(  <  in*.  .  ,p.  M.  M 

/}/  ■),’(,  ,  *nii;«r,3.  a-I  -I- "»l  jpnti*':. 

Mini*  '*>  *•/  “t  OK  tl  lit'  '1'. 

T1»*  ||  II  »I  T  ip;  ;«it .  .  1 

1/  Umar  |  .  Mi'n't  I  104  Hal  inn**  .  *  I  . 

and  ;••<•  f-alr*  I”*  lltaril 

•  *  an',  t  ra  and  •*  I*'  t '  ■  "  I  i  i  It  l-r  I* ,  I  1*8  ,  UK 

at*  .',  ;'t  •*•  t  (t  .  '•!  i  “« 

«,/  •  .  n*  ,  •  *f  it  •<  ■  1 .  C  tnr? 

i  |J  -a  -0  *•/  *U  *r»tirl*  M»i 

a|  '  I  I  I  -  i  ( t  a  '<t!!i'~r-  mpl . 

•*r.  n-l.  U  ,  •  tn*,  ,p.  *f  *:« 

I„t|,i,,  1. n**.«..  'lint;!.'...  .  I«m*f.r..  in* 

I'-l*  M,  -»  ..,*«!*  Oynn  I ;  0«  al'.n  m  !"!»«■ 
T  I  It  Jl*lt;n>S  t(t  llK-'*  '-"tirf.  It’ll. 
I>tifa,  ,  an».  Mr.  »>.  »t.  ••*?.  :t>.  .Ml-.’O.' 

///  -.naih**  It..  ’,b**.«..  biliji.e.  in*  tnm.H. 
-la  ;f  .<-.«•  HIM*  *»  **  *  I  -  rind  (4M  '*0*. 
(I*>.  tr.  i  att .  '  **•.  ■  r  -  ‘3 


IC-C0MPAT1BLI  4lmW  Kg-BAND  Q1A1 
TRANSFER  RED- ELECTRON  OSCILLATOR 


Indermt  t*rm ■  S/wsrundnrtor  devtret  wW  fwsrf- 

tfjml  drmcrx  OtnlUievu  Sttcremm*  atciilmort,  Pimm*  trtm* 
f*rr+4  riectrrm  on  Ulttorx  mm  um*t  ******  urn 

rw  perform— c»  erf  •  planar  flat*  rfletf  comroftad  tr***» 
brrrf  «*sciroa  oacUUior  has  Sara  ugfuAcsnOy  improved  bv 
rarfurmg  tbs  teagili  at  it»  low  IW44  regions  near  dram  and 
KMtrcr  «S»W  mth  4-3%  rffkwncy  at  2S4GH*  and  2<mW 
wish  J  2*  »  a*  J7 4GHa  ham  ha—  obtaiaad,  atndi  m  a  factor 
erf  4-  3  um  largsr  i*an  was  obtataa*  a  year  ago 


If  at  wei  known  c Kat  GaAs  monolithic  MESFET  amplifiers 
can  be  operated  at  milhmetre-wav*  freauencie*  with  high 
output  power  levels  and  high  efficient**- '  ‘  The  intent*  devel¬ 
opments  erf  mm- wav*  FFTi  also  resulted  in  high  performance 
oaclUtors  producing  30 mW  if  34  GHz  with  30%  efficiency3 
and  in  a  II 3 GHz  monolith*  GaAs  FET  oscillator4  which, 
ho  warn,  produced  a  dra#t**lly  reduced  output  power  erf  only 
OlmW  Th»  steep  decrease  erf  power  cannot  be  captained 
alone  by  the  I  fl  law  du*  to  the  tranait-time  limitation  FETs 
are  subject  to.  Other  effect*  such  u  abort  channel  effects,* 
current  in  peel  ion  into  the  buffer  layer  or  permit*  bipolar 
effect**  must  be  made  responsible  in  addition  to  the  difficulty 
irf  circuit  matching  of  a  three  terminal  device 
A  simpler  approach  to  monolith*  oacillatof  deatgn  is  to  uae 
a  planar  transferred-electron  oacillaior  iTEOl  with  an  infec¬ 
tion  limiting  cathode  contact  u  first  desenhed  in  19*2.  In 
this  dev**  the  electron  injection  it  controlled  by  a  negatively 
biaaed  Schottky  gate  preventing  travelling  domain*  from 
forming.  Instead,  a  stationary  high  held  domain  forms  in  th« 
gate-dram  region  wh*h  exhibits  a  frequenev  independent 
negative  resistance  The  device  is  thus  not  lubject  to  the  usuaJ 
transit  time  limitation  that  conventional  TFOt  and  FETs  art 
tuffenrtg  from. 
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The  purpose  trf  this  letter  is  to  report  new  results  obtained 
with  devices  having  reduced  parasit*  resistances.  Fig.  I  shows 
a  no**- sectional  view  .rf  the  dev*e  used  It  consists  <rf  a 
09/im  th*k  MOGVD-grown  aciive  s-(iaAs  laser  (V„-  3 
<  10'* cm  \  a  Schottky  dram  contact,  an  ohm*  source 
contact  and  a  f>5ym  long  overlapping  Schottky  gate  separat¬ 
ed  from  the  source  bv  «  StOnm  th*k  Si<),  !jver  which  con¬ 
nects  '.he  gate  to  tourer  AC- wise  The  new  feature  .rf  the 
.lev*e  is  ihat  both  uiurcc  and  drain  contacts  have  been 
moved  towards  the  gate  mak.ng  the  length*  <rf  the  low  field 
region*  outside  ’he  stationary  high  field  domain  much  shorter 
than  thoae  in  previously  uaed  devices  *  This  results  in  signifi¬ 
cantly  small*  senes  resistances 

The  new  device  have  been  fated  in  rmcrottnp  circuits  iden¬ 
tical  to  thoae  used  m  previously  performed  experiments.* 
F»g.  2  shows  the  con  figuration  of  the  test  circuit  There  ire 
■  wo  ident*aJ  resonators  connected  to  source  and  gate  respec- 
'tvelv  These  are  stub  terminated  u  4  *  *.  iOt  long  *-00  irans- 
ntmaiofl  >ines  providing  capacitive  impedances  in  order  to 
-ompensate  for  the  various  bonding  wire  inductance*  In  artdi- 
non  to  'beat  *  dielecinc  resonator  <  fM  -  VSGH/l  is  placed 
near  the  device  needed  lor  estaNithmg  stable  osailations 
W.ihout  th»a  resonator  the  <ievic*  nhibsts  stable  reflection 
gam  rf  several  dll  from  M3  to  40GHr  with  a  !0dB  gam  peak 
4!  f  4GHr 


Two  modea  at  oner* hoe  km  been  observed  depending  on 
the  magnitude  of  the  gate  bus  verftage.  At  Vf  -  -  5  V  and 
V*  *  b  V  transit -time  oaoflahoaa  occur  charactenaed  by  cyclic 
domam  formation  at  (h*  gate  and  domain  extinction  at  the 
dram  contact.  In  this  mode  45 mW  pulsed  output  power  he* 
been  generated  with  4-3%  tffaency  at  28-4  G  Ha 
At  Vt  **  -  7  V  the  tame  deuce  aaaSated  in  the  so-called7  * 
Held  effect  controlled  tmndmed  electron  dev*e‘  or 
FECTED-mode  chemctensed  by  a  ‘breathing'  high  Ihdd 
domam  located  underneath  the  gate  and  extending  somewhat 
into  the  gate-drain  regso*.  Hu*  mode  has  aiao  been  called 
TFT  mode  by  ftotUnd  rf  at  9  It  a  a  tranait-trme  independent 
mode  irf  operation  and  therefore  circuit  dominated.  24  mW 
with  3  2%  efficiency  have  been  obtained  at  37  4GHz.  which  ta 
9 GHz  above  tne  transit  time  frequency. 
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To  avoid  pswwbfo  hum-ous  the  devices  exhiNtmg  the  best 
data  have  been  operated  only  w*h  pulses  up  io  M)*ia  Lower 
doped  device*  with  V)%  lower  dram  currents  have  hern  oper¬ 
ated  (  W  producing  |9mW  with  2  *%  efficiency  «t  2*  4GHz 
snd  !  5  mW  with  I  7%  efficiencv  at  37  4GHz. 

In  summare  we  have  demonstrated  that  planar  GaAs 
FFCTFD  oscillators  are  attractive  MMIC  compatible  candi¬ 
dates  for  local  oeallator  apptscanona  at  K e-band  and  poeaiNv 
at  higher  frequerwsea  a*  they  are  not  transit-lime  limited  like 
conventional  TFOi  and  KFT*  are.  At  17  4 < i M*  the  highest 
output  power  and  rffloency  ever  obtained  with  lateral 
TF()s'0  and  at  2*4<»Hr  the  highest  output  power  ever 
obtained  with  lateral  TFO*l#  and  FET*  oecillators  have  been 
achieved 

This  work  wgj  supported  m  p^  hv  the  Austrian  Fondi  /uf 
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I  Introduction 

ONTINL'OL'S  progress  Jvnng  the  Iasi  few  years  in 
the  development  of  millimeter- wave  circuits  for  com¬ 
munication  and  rada'  systems  has  stimulated  the  search 
for  a  planar  IC-compatibie  millimeter-wave  source  for 
both  local  oscillator  jnd  VCO  applications.  The  two  suc¬ 
cessfully  applied  approaches  are  the  GaAs  FET  oscillator 
and  the  pl.mar  transferred  electron  oscillator  (TF.O) 

The  intense  developments  of  millimeter- wave  FEE s  has 
resulted  in  high-performance  oscillators  capable  of  produc¬ 
ing  30  mW  at  34  GHz  with  30  percent  efficiency  (Ij  and  in 
a  115  GHz  monolithic  GaAs  FET  oscillator  |2).  which, 
however.  produced  a  dravticall*  reduced  output  p.mev  of 
only  0  1  mW  Tits  steep  decrease  of  power  cannot  be 
explained  mrrelv  hv  the  1  f:  law  due  to  the  transit  time 
limitation  that  EET's  ire  subject  to  Other  effects,  such  as 
short-channel  effects  p|.  current  injection  into  ihe  buffer 
layer,  or  parasitic  bipolar  effects  (4).  must  heconvtderej  in 
addition  10  the  difficulty  of  circuit  matching  in  a  three- 
iermm.il  device  TFU'v  exhibit  lower  efficiencies  but  re¬ 
quire  simpler  lo.idina  circuits  since  thev  are  two-terminal 
devices.  Thev  are  much  c.ivier  to  manufacture  because 
Mjbmicrometcr  dimensions  are  not  needed.  In  addition 
T  E.O  s  jre  known  for  ihc»r  superior  noise  performance. 
However,  since  conventional  TF.O\  .ire  usually  operated  in 
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the  traveling  domain  mode  (“Gunn  oscillations")  [5|  they 
also  suffer  from  the  transit  time(l//J)  limitation,  leading 
to  a  6  dB  per  octave  decrease  of  outpu’  power. 

A  method  for  circumventing  the  transit  time  limitation 
is  to  use  a  planar  TEO  with  an  injection  limiting  cathode 
contact  of  the  type  first  described  in  1982  |6]  In  this 
device  the  electron  injection  is  controlled  by  a  negativelv 
biased  Scholtky  gate  to  the  csleni  that  traveling  domains 
cannot  form  Instead,  a  stationary  high-field  domain  forms 
in  the  gate-drain  region  which  exhibits  a  frequency-inde¬ 
pendent  negative  resistance.  The  injection  current  of  the 
device  can  be  continuously  adjusted  by  the  Scholtky  gate 
hias  voltage,  allowing  some  additional  tuning.  Computer 
simulations  described  in  this  paper  explain  the  principal 
operation  of  ihe  device  and  show  ihe  dependence  ol  power 
and  efficiency  on  doping  level,  device  length,  and  operat¬ 
ing  Itequencv  Maximum  efficiencies  obtainable  with  GaAs 
devices  are  of  ihe  orde:  of  9  percent  at  frequencies  be¬ 
tween  30  and  50  GHz.  Experimental  efficiencies  measured 
between  30  and  37  GHr  art  somewhat  lower  (5  percent! 
hut  confnm  'he  absence  of  ihe  transit  lime  limii.inon  at 
A'd-band  frequencies 

II  Dfvict  Srai  cu  aE 

A  cros«-sectional  view  of  :  typical  device  is  shown  in 
Fig.  I  It  iv  MmUr  to  •  normal  VESEF.T  having  an 
extended  gate -drain  region  and  *n  integraied  gaie -vourcc 
capacitance  M(X  \  D-trown  n-tvpe  GaAv  and  InP  laverx 
have  been  used  The  InP  n  laver  rnvered  with  a  ihm 
(KK)  A)  undoped  laver  m  order  10  obtain  a  goxxi  SchoFikv 
barrier  The  .iclixe  liver  doping  concentraiionv  have  been 
chosen  between  ?-lu'*cm  '  and  ’  for  GjA*. 

and  4  ■  1 0 1 A  cm  1  for  InP  AH  sievKev  convixi  (>f  an  ('hrnc 
vource  conijci  iNi-Au  Ge).  a  Schoukv  anode  contact 
(Ti  4u).  and  an  overhppmg  Scholtky  gate  contact  ^*nj- 
rated  from  the  w»urve  by  a  SJOO-A-rhick  chemical  vapor 
depc*vited  SiO,  laver  The  device  width  n  400  jim.  Roth  the 
leneth  of  the  xhottky  g.ite  and  the  distance  between  gate 
and  source  have  keen  cn.wen  to  be  0  5  ^m.  The  length  of 
the  Htive  region  (between  gate  and  amxle  contact)  wav 
varied  from  2  3  to  3  pin.  The  thxkneM  of  the  vemi-mvuui- 
ing  suh>trate  iv  500  pm 
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Fig  l  Crm*  sectional  vio*  of  (a)  G«A*  and  (b)  I oP  devtciv 


III.  Device  Analysis  and  Simulation 

ll  is  well  known  lhal  in  a  normal  MESFET  a  stalionars 
high- Field  domain  forms  in  the  gate -dram  region.  The 
formation  of  traveling  Gunn  domains  is  prevented  when 
the  electron  injection  through  the  gate  is  reduced  to  about 
50  percent  of  the  peak  current  level  (7],  Under  this  condi¬ 
tion.  a  negative  differential  resistance  occurs  in  the 
gate-drain  region  due  to  the  transferred  electron  ("Gunn") 
effect. 

For  better  understanding  of  the  whole  process,  a  one- 
dimensional  computer  simulation  has  been  performed  by 
solving  Poisson's  equation,  the  continuity  equation,  and 
ihe  integral  current  relation  The  electron  velocity  r<  E)  r 
calculated  using  the  analytical  expression  [8| 


y.E^v,(E/En)* 

+  (£/£„)4 


(H 


According  to  this  equation  the  velocity  n  an  instantaneous 
function  of  local  field,  thus  neglecting  delays  caused  bv 
intervalley  scattering  and  energy  relaxation.  Hence  the 
results  of  this  analysis  are  valid  only  for  frequencies  up  to 
approximately  60  GHz  and  for  device  lengths  greater  than 
1  )im.  The  structure  used  in  the  simulation  is  shown  in  Fig. 
2.  The  injection  limiting  cathode  contact  represents  the 
one-dimensional  equivalent  of  the  gate-source  region  of  a 
real  device.  The  current  /r  injected  into  the  first  (left)  cell 
of  the  device  was  kept  constant  in  order  to  properly 
simulate  the  saturation  current  of  a  MESFET.  One-dimen- 
sionai  doping  fluctuations  as  well  as  a  higher  doping 
region  at  the  cathode  contact  have  also  been  incorporated, 
as  they  are  known  to  act  as  nucleation  centers  for  dipole 
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TABLE  I 


, 

lA 

14  *1  | 

average  doping  level  | 

1  10  • 

■5  10  cm  | 

device  length 

2 5  urn 

5  urn.  10  urn  I 

]  DCvottige 

45  V 

20  V  1 

amplitude  of  AC  volt  age  t 

SUV- 

i*  v 

frequeno  { 

i 

25  GHz 

-  60  GHz  1 

i 

domains  in  devices  with  an  ovcrcniical  Nn  L  product.  The 
simuiMion  parameters  are  summarized  in  Table  1. 

R  *-  3  shows  a  sequence  of  field  and  earner  disinbutions 
of  a  5-jim-long  device  calculated  at  different  instants  of 
time  and  the  accompanying  voltage  and  current  wave¬ 
forms.  The  frequency  of  operation  is  35  GHz.  and  the  dc 
voltage  is  4.5  V;  the  amplitude  of  the  ac  voltage  is  3.5  V, 
allowing  a  voltage  swing  down  to  threshold.  As  can  be 
seen  from  Fig  3  the  Held  is  below  threshold  in  *  substan- 
t;  .l  part  of  the  device  This  region  thus  acts  as  a  positive 
resistance,  thereby  contnbuting  to  loss.  It  also  causes  an 
upper  frequency  limn  ( RC  limitation).  In  order  to  mini¬ 
mise  the  influence  of  this  lossy  region  the  device  length 
must  be  kept  short 

Fig  3  also  shows  that  hunches  of  electrons  traverse  the 
depletion  region,  therebv  introducing  transit  lime  effects. 
These  effects  can  enhance  efficiency  if  both  the  doping 
level  and  ihe  bias  voltage  are  chosen  properly  Fig  4  shows 
calculated  efficiencies  versus  frequence  for  different  dop¬ 
ing  levels  and  bias  voltages.  Higher  efficiencies  occur  at 
higher  frequencies  at  higher  doping  levels  and  lower  bias 
voltages,  which  can  be  attributed  to  adjusting  the  transit 
time  of  the  electron  bunch  close  to  the  oscillation  period. 

The  best  calculated  efficiencies  in  the  30-60  GHz  range 
are  about  9  percent  for  GaAs  devices  and  are  somewhat 
higher  for  InP  devices  when  allowing  a  current  injection  of 
about  58  percent  of  the  pea)  current.  For  slightly  in¬ 
creased  injection  current  levels  the  device  breaks  into 
traveling  domain  (Gunn)  oscillations  at  ihe  gate-drain 
transit  time  frequency 
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Fig  3  (Owfimm/Me)  Voltage.  <d>  Current. 
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Fig.  4  OlcuUled  efficiency  versus  frequency  for  different  voltage  and  doping  levels,  (a)  /  -  2.5  *m:  (b)  /  •  5  pm. 


Fig.  5  Microsinp  lavout. 


IV.  Experimental  Rf  suits 

Both  GaAs  and  InP  devices  have  been  tested  in  mi¬ 
crostrip  circuits  fabricated  on  250-jim-thick  Duroid  sub¬ 
strate.  as  shown  in  Fig.  5.  The  device  is  glued  onto  the 
copper  heat  sink  within  a  rectangular  hole  cut  into  the 


Fig,  6  Input  and  output  powers  versus  frequency  of  a  FECTED  reflec¬ 
tion  t\  pc  amplifier 

Duroid  substrate.  All  three  contacts— source,  gate,  and 
dram  — have  been  connected  to  the  microstrtp  circuit  using 
gold  bonding  wires.  The  two  identical  stub-terminated 
3A/8  long  transmission  lines  provide  capacitive 
impedances  to  both  source  and  gate,  compensating  bond¬ 
ing  wire  inductances.  With  this  circuit  amplification  over 
almost  10  GHz  has  been  measured  with  a  maximum  gain 
at  37  GHz.  A  drain  voltage  of  7.5  V  and  a  negative  gate 
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voltage  of  -ft  V  have  Seen  applied  to  this  device  Fig.  ft 
shows  measured  output  power  versus  frequency  with  an 
input  power  level  of  approsimately  1  mW. 

in  ,  rder  to  produce  free-ninr.ing  oscillations,  several 
resonance  circuits  have  heen  tested.  The  best  results  have 
been  achieved  with  dielectnc  resonators  placed  near  ihe 
drain  contact  and  by  carefully  adjusting  the  gate  voltage 
Since  ihe  frequenev  of  oscillation  is  dMermincd  not  on  v 
by  ihe  dielectnc  resonator  alone  ftut  vise  by  the  device 
impedance,  the  frequency  can  be  shifted  by  varying  (lie 
gate  bias  voltage  Frequenev  tur.rnf  up  to  200  MHz  at  a 
center  frequency  of  30  GHz  and  up  to  500  MHz  at  37 
GHz  has  heen  observed. 

Table  II  summarizes  the  best  espenmental  results  The 
highest  efficiency  of  a  GaAs  device  at  28  4  GHz  f,.r  short 
pulse  operation  was  5.3  percent.  At  37  GHz  the  efficiency 
is  only  a  hit  smaller,  showing  the  absence  of  the  transit 
lime  limitation  A  small  decrease  of  efficiency  is  observed, 
which  is  aitnhuied  to  such  parasitic  impedances  a?  the 
drain -gate  capacitance. 

7  he  efficiencies  obtained  with  InP  devices  are  somewhat 
smaller  owing  to  the  difficulty  of  making  a  good  Schottlcv 
gate  contact  to  InP.  Nevertheless,  the  output  powe-  level 
of  InP  devices  is  in  the  50  mW  range 

In  order  to  prevent  bumout.  the  higher  current  devices 
hjse  been  tested  with  long  drain  pulses  The  output  power 
levels  obtained  wrh  long  pulses  are  generally  lower  due  to 
the  high  operating  device  temperature  Th.s  temperature 
level  is  believed  to  be  close  to  that  .xeu-rmg  in  CW-oper- 
aled  d-vices  once  the  power  output  mains  unehang.  ,1 
when  increasing  ; he  duty  cvcle  from  10  to  40  per  cm 

F1?.  7  shows  ihe  spectral  characteristics  of  t  free-run- 
•m.g  S  mW  (  A  operated  FFCTHD  oscillator  Hs  a  crude 
mspection  o'  ihis  characteristic,  one  can  speculate  that 
FHCTFD  oscillator  noise  is  comparable  to  conventional 
Gunn  oscillator  noise. 


V  Cour  t  L'siOns 

It  has  heen  *hown  that  GaAs  or  InP  FFC  IT  F)  oscilla¬ 
tors  aie  attractive  candidates  for  monolithic  millimeter- 
■  ave  integrated  circuits,  especially  at  very  high  frequencies 
vince  ihev  are  not  transit  time  limited,  as  conventional 
I  F.O's  and  Ftt's  are  At  29  GHz  and  34  Gllz  the  hignest 
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output  power  levels  ever  obtained  with  lateral  TFO‘s  and 
f  FT  oscillators  and  at  37  GHz  the  highest  lateral  TtO 
*  utput  power  have  been  pnxJuced  A  further  increase  of 
output  power  should  be  possible  b\  simple  increasing  the 
device  width  as  this  o  not  a  critical  dimension  with  respect 
to  gate  resistance.  However,  .tin?  efficiencies  measured  at 
Aa-band  frequencies  j;e  sigmficantlv  lower  than  FFT  os* 
cillator  efficiencies  hut  might  become  comparable  at  F- 
band  and  dr -band  frequence"  due  to  the  absence  of  the 
transit  time  limitation  and  to  ihe  ampler  loading  circutlrv 
required  by  the  two-terminal  FFCTHD  However  interval- 
lev  scattering  and  cnerg‘  relaxuo-M  times  reduce  the  effec¬ 
tive  peak-to-vj!!cv  ratio  at  high  frequencies,  causing  an 
upper  f/equenev  limit  that  FT  f  oscillators  art  not  subiect 
to  This  tiequenev  limit  ha*-  not  *.e!  bci 1  determined. 

A<  >. sow  1 i  tx.snsi 

The  authors  :'vink  (»  Hofmann.  J  Katzenrnaver.  and 
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maser  for  charjcteri/ation  of  the  epitaxial  lasers  and  ( 
SchkH.*nhcrr  for  .issuance  in  the  numerical  studies 
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